Some plant-based diets lower the cardiometabolic risks and prevalence of hypertension. New evidence implies a role for the transient receptor potential vanilloid 1 (TRPV1) cation channel in the pathogenesis of cardiometabolic diseases. Little is known about impact of chronic TRPV1 activation on the regulation of vascular function and blood pressure. Here we report that chronic TRPV1 activation by dietary capsaicin increases the phosphorylation of protein kinase A (PKA) and eNOS and thus production of nitric oxide (NO) in endothelial cells, which is calcium dependent. TRPV1 activation by capsaicin enhances endothelium-dependent relaxation in wild-type mice, an effect absent in TRPV1-deficient mice. Long-term stimulation of TRPV1 can activate PKA, which contributes to increased eNOS phosphorylation, improves vasorelaxation, and lowers blood pressure in genetically hypertensive rats. We conclude that TRPV1 activation by dietary capsaicin improves endothelial function. TRPV1-mediated increase in NO production may represent a promising target for therapeutic intervention of hypertension.
INTRODUCTION
Hypertension is a major risk factor for the increased incidence of stroke, coronary heart disease, and renal insufficiency (Ong et al., 2007) . Lowering high blood pressure reduces the risks to develop cardiovascular events (Cushman, 2001) . Epidemiological studies show that multiple dietary factors affect blood pressure. Over the past decade, reducing sodium intake, increasing potassium intake, and consuming fruits and vegetables based on the ''DASH diet'' have emerged as effective antihypertensive strategies (Appel et al., 1997; Lichtenstein et al., 2006) . Capsium species, or hot peppers, are consumed worldwide as vegetables and spices. Capsaicin (8-methyl-N-vanillyl-trans-6-nonenamide) is the major pungent ingredient in hot pepper and gives a flavor to food without increasing calories. Capsaicin increases thermogenesis by enhancing catecholamine secretion from adrenal medulla, decreases weight gain, and adipogenesis by enhancing energy metabolism (Hachiya et al., 2007; Kawabata et al., 2006; Ohnuki et al., 2001; Zhang et al., 2007) . Capsaicin is a highly selective agonist for the transient receptor potential vanilloid 1 (TRPV1) cation channel (Caterina et al., 1997) . TRPV1, a polymodal nonselective cation channel, is expressed in sensory neurons and also present in nonneuronal tissues including blood vessels (Nilius, 2007; Pedersen et al., 2005; Vennekens et al., 2008) . Apart from its role as a potent analgesic (Caterina et al., 2000) , capsaicin exerts effects in the cardiovascular system (Gupta et al., 2007; Pacher et al., 2004) . However, the effects of capsaicin on vascular tone and arterial pressure are a paradox. Acute or short-term administration of capsaicin has mixed effects, either increasing or lowering arterial pressure transiently in human and rodents (del Carmen Garcia et al., 2003; Hachiya et al., 2007; . Capsaicin produces relaxation in several arterial in vitro preparations, which may be mediated by the releases of calcitonin gene-related peptide (CGRP) and substance P from perivascular sensory nerve terminals (Holzer, 1992; Rubino and Burnstock, 1996) . Alternatively, capsaicin is reported to increase the nitric oxide (NO) metabolites production by human vein endothelial cells (ECs) (Lo et al., 2003) . Although TRPV1 is proposed to be involved in Dahl salt-sensitive hypertension (Wang and Wang, 2006) , its exact mechanism is poorly understood. Little is known about the impact of chronic activation of TRPV1 on the regulation of vascular function and blood pressure. We hypothesized that dietary capsaicin chronically activates TRPV1, which contributes to the vascular benefits. We provide in vivo and in vitro experimental evidence demonstrating that long-term activation of TRPV1 can actually increase the phosphorylated levels of protein kinase A (PKA) and endothelial NO synthase (eNOS) in mesenteric arteries and plasma levels of NO metabolites, augment endothelium-dependent relaxation, and lower arterial pressure in hypertensive rats. Our results suggest that endothelial TRPV1 is a potential therapeutic target in the management of hypertension and related vascular diseases.
RESULTS

Location and Functional Characterization of TRPV1 in Arteries
TRPV1 is reportedly present in ECs of arteries Yao and Garland, 2005) . To validate the expression of TRPV1 in the endothelium, ECs were isolated from aortas of wild-type (WT) and TRPV1 À/À mice and cultured. The expression of TRPV1 mRNA ( Figure 1A ) and protein ( Figure 1B) ence of TRPV1 is verified by immunofluorescence staining (Cristino et al., 2006) ( Figure 1C ). TRPV1 belongs to the family of nonselective cation channels, displaying high Ca 2+ permeability (Vennekens et al., 2008) . Acute exposure to capsaicin stimulates an increase in the cytosolic free calcium concentration ([Ca 2+ ] i ) in cultured ECs ( Figure 1D ). increase ( Figure 1E ). Capsaicin treatment for 6 months significantly increased TRPV1 protein expression in mesenteric arteries from WT mice ( Figure 1F ), and the level of TRPV1 protein was higher in mesenteric arteries from TRPV1 transgenic mice ( Figure 1G ). Thus, functional TRPV1 is present in ECs and intact arteries, and its expression can be upregulated chronically by capsaicin.
Activation of TRPV1 Increases [Ca 2+ ] i and
Phosphorylation of eNOS in Arteries
We next examined the physiological relevance of TRPV1 activation. Previous studies showed that capsaicin or its derivative increases the protein level of eNOS in vein ECs (Lo et al., 2003) and NO production in rat mesenteric arteries (Poblete et al., 2005) . We tested the hypothesis that TRPV1 activation causes an increase in [Ca 2+ ] i in ECs, which in turn increases the phosphorylation of eNOS and promotes NO formation. First, both eNOS and TRPV1 are colocalized in mesenteric arteries of WT mice, but not in TRPV1 À/À mice ( Figure 2A ). Second, acute capsaicin treatment increased the level of phosphorylated-eNOS ser1177 (p-eNOS) in cultured ECs from WT mice ( Figure 2B ), but not in those from TRPV1 À/À mice ( Figure 2C ).
Third, chronic consumption of capsaicin for 6 months significantly increased levels of p-eNOS in mesenteric arteries from WT mice compared with nontreated mice ( Figure 2D ). Capsaicin failed to produce such effect in mesenteric arteries of TRPV1 À/À mice, suggesting specificity of its action ( Figure 2E ). The increased level of p-eNOS in capsaicin-treated ECs was inhibited by iRTX, by BAPTA-AM, and by removal of extracellular Ca 2+ using EGTA ( Figure 2F ). influx via TRPV1 in the increased eNOS activity, NO production was measured using the NO-sensitive DAF-2DA fluorescence dye in cultured ECs and in freshly isolated mouse mesenteric arteries (Mogami et al., 2005) . Capsaicin and resiniferatoxin (RTX), a chemically unrelated TRPV1 agonist, triggered a rise of intracellular NO in ECs, a response that was inhibited by iRTX, BAPTA-AM, or the absence of extracellular calcium ions ( Figures 3A-3D ). In WT mouse mesenteric arteries with intact endothelium, capsaicin stimulated NO production in a concentration-dependent manner ( Figures 3E and 3F ), which was abolished by NOS inhibition using NG-nitro-L-arginine methyl ester (L-NAME) ( Figures 3G and 3H ). To more firmly establish the essential role of TRPV1 in mediating NO production, the effect of capsaicin was examined in mesenteric arteries from TRPV1 transgenic (TRPV1-tg), WT, TRPV1 heterozygous (TRPV1 +/À ), and TRPV1 À/À mice. The stimulatory effect of capsaicin was positively correlated with the expression level of TRPV1, being the greatest in TRPV1-tg and the least in TRPV1 À/À mice ( Figures 3I and 3J ). Collectively, the present results support the notion that capsaicin acutely stimulates NO production through stimulation of TRPV1-mediated Ca 2+ influx in ECs.
Chronic Activation of TRPV1 Activates PKA in Arteries
In addition to Ca 2+ -dependent eNOS activation, the level of eNOS phosphorylation can be regulated by several kinases, perhaps as long-term modulators of eNOS activity (Boo et al., 2002; Michell et al., 2001 ). Thus, we examined changes in the levels of Akt, AMPK, ERK in mesenteric arteries from WT mice. Chronic dietary capsaicin for 6 months did not influence the protein expression of these kinases (see Figure S1 available online). In addition, inhibition of PI3K (Wortmannin and LY294002) or Akt (Akt inhibitor II) had no effect on capsaicin-induced vasorelaxation (Figures S2A and S2B) . Previous studies showed that PKA is involved in the regulation of TRPV1 function (Mohapatra and Nau, 2005; Varga et al., 2006) . We next tested whether TRPV1-mediated eNOS phosphorylation requires PKA activation. First, we showed that both capsaicin and forskolin, a PKA activator, increased PKA activity. However, removal of extracellular Ca 2+ by EGTA or inhibition of TRPV1 using iRTX blocked capsaicin-induced increase of PKA activity in cultured ECs ( Figure 4A ). Second, both capsaicin and forskolin increased phosphorylated-PKA (p-PKA) and p-eNOS levels. However, inhibition of PKA using KT5720 reduced the capsaicin-induced elevation of p-PKA and p-eNOS in cultured ECs ( Figures 4B and 4C ). Third, inhibition of PKA using KT5720 significantly reduced capsaicin-induced NO production in cultured ECs ( Figure 4D ). Fourth, capsaicin increased the p-PKA level in cultured ECs of WT mice ( Figure 4E ), an effect absent in TRPV1 À/À mice ( Figure 4F ). Fifth, chronic dietary capsaicin increased the p-PKA level in mesenteric arteries from WT mice ( Figure 4G ), but this effect was absent in TRPV1 À/À mice ( Figure 4H ). Sixth, inhibition of PKA by KT5720 prevented capsaicin-induced relaxation in WT mice ( Figure 4I ), but not in TRPV1 À/À mice ( Figure 4J ). Collectively, these results suggest that Ca 2+ -dependent PKA activation participates in ability of chronic TRPV1 activation to phosphorylate eNOS.
Chronic Activation of TRPV1 Enhances Endothelium-Dependent Relaxation
Capsaicin concentration-dependently relaxed mesenteric arteries of WT mice, with less of an effect in arteries lacking endothelium ( Figure 5A ). Marked attenuation was observed in TRPV1 À/À mice arteries with endothelium ( Figure 5B ). Chronic activation of TRPV1 by 6 month consumption of dietary capsaicin (0.01%) in WT mice moderately increased acetylcholineinduced endothelium-dependent relaxation (pD 2 , 6.88 ± 0.16 in control and 7.52 ± 0.17 in capsaicin, p < 0.05, Figure 5C , Table S1 ). Furthermore, the maximum relaxation to acetylcholine was significantly enhanced in TRPV1-tg mice ( Figure 5E , Table S2 ). Such an effect was absent in capsaicin-treated TRPV1 À/À mice ( Figure 5G , Table S3 ). Acetylcholine-induced relaxation was inhibited by L-NAME in arteries from all groups ( Figures 5C, 5E , and 5G, Tables S1-S3). By contrast, endothelium-independent relaxation to nitroglycerin was similar in different groups ( Figures 5D, 5F , and 5H, Tables  S1-S3 ). These data demonstrate that TRPV1-mediated relaxation is endothelium dependent and that dietary capsaicin improves relaxations in WT mice, likely through TRPV1 activation.
Role of Perivascular Sensory Nerves in TRPV1-Mediated Relaxations
Capsaicin is known to stimulate the release of CGRP and substance P from perivascular sensory nerve terminals in several vascular beds (Holzer, 1992; Rubino and Burnstock, 1996) . We found that capsaicin-induced relaxation was partially inhibited by the CGRP receptor antagonist CGRP8-37 or NOS inhibitor L-NAME, and was abolished by cotreatment with CGRP8-37 plus L-NAME in the mesenteric arteries from WT mice ( Figures  6A-6D ). Exogenous CGRP-induced relaxation was unaffected by L-NAME or ODQ, a guanylate cyclase inhibitor ( Figure S3A ). CGRP-induced relaxation was partially dependent on the presence of endothelium, and CGRP caused less relaxation of arteries precontracted by 60 mM KCl ( Figure S3B ). Substance P did not relax the same preparations (data not shown). Together, the present study underscores that capsaicin acutely relaxes mesenteric arteries through at least two mechanisms: a direct action on ECs which is NO dependent and L-NAME sensitive and also the release of CGRP, which activates an L-NAME-insensitive pathway but to a lesser degree.
Activation of TRPV1 by Dietary Capsaicin Attenuates Hypertension
To examine whether chronic activation of TRPV1 could favorably modulate vascular function and hence reduce arterial pressure in hypertension, adult spontaneously hypertensive rats (SHRs) were fed with capsaicin diet for 7 months. We observed that both SHR and WT mice had an aversive response in that food intake transiently declined during the first days after initiating capsaicin administration, changes that were absent in TRPV1 À/À mice ( Figures S4A and S4B ). Body weight, heart rate, and biochemical parameters in both mice and rats were not different between treated and untreated groups ( Figures S4C and S4D , Tables S4 and S5 ).
In Wistar rats we assessed the time-dependent response to intragastric administration of capsaicin (15 mg/kg body weight) (Appendino et al., 2002; Melck et al., 1999) . The plasma concentration of capsaicin reached a peak of $10 ng/ml at the first hour and then declined rapidly (Figures 7A-7D) . The absolute bioavailability of oral capsaicin was approximately 0.106%. The small bioavailability may be caused by rapid metabolism (B) Effect of L-NAME (100 mM) on capsaicininduced relaxation in freshly isolated mesenteric arteries from C57BL/6J mice; **p < 0.01. (C) Effect of CGRP 8-37 (3 mM) on capsaicininduced relaxation in freshly isolated mesenteric arteries from C57BL/6J mice; *p < 0.05. (D) Effects of L-NAME (100 mM) and CGRP 8-37 (3 mM) on capsaicin-induced relaxation in freshly isolated mesenteric arteries from C57BL/6J mice; **p < 0.01. Data are means ± SEM (four to six experiments).
of capsaicin in the liver (Beaudry and Vachon, 2009; Chanda et al., 2008) . Dietary capsaicin for 3 weeks did not affect endothelium-dependent relaxation, blood pressure, or levels of p-PKA or p-eNOS in mesenteric arteries from SHR ( Figures S5A-S5D ). During chronic capsaicin treatment, systolic blood pressure (SBP) fell slowly starting at fourth month, reaching a significant reduction at fifth month and onward ( Figure 7E ). Ambulatory arterial pressure in conscious, unrestrained SHR was monitored by radiotelemetry. The average 24 hr blood pressure was significantly lower in capsaicin-treated compared with untreated SHR (SBP, 181 ± 3 mmHg versus 198 ± 5 mmHg; and diastolic BP, 127 ± 2 mmHg versus 139 ± 3 mmHg, p < 0.01, n = 7-8) ( Figures  7F and 7G ). Chronic capsaicin treatment improved endothelium-dependent relaxation of SHR mesenteric arteries (pD 2 , 6.97 ± 0.05 in control and 7.41 ± 0.04 in capsaicin, p < 0.05). This difference was eliminated by L-NAME (pD 2 , 6.13 ± 0.29 in control and 6.31 ± 0.20 in capsaicin, p > 0.05, Figure 7H and Table S6 ). Endothelium-independent relaxation by nitroglycerin was comparable in both groups (pD 2 , 7.16 ± 0.15 in control and 7.21 ± 0.14 in capsaicin, p > 0.05, Figure 7I and Table S6 ). The levels of TRPV1, p-PKA, and p-eNOS Ser1177 in mesenteric arteries and the plasma nitrate/nitrite (NO metabolites) concentration were higher in capsaicin-treated SHR ( Figures 7J-7M ). Previous studies reported that capsaicin increases plasma levels of CGRP and substance P (Holzer, 1992; Rubino and Burnstock, 1996) . However, we detected no difference in the plasma concentration of CGRP (47.8 ± 6.1 pg/ml in control and 46.1 ± 11.2 pg/ml in capsaicin, p > 0.05) and substance P (136.6 ± 16.3 pg/ml in control and 140.8 ± 24.2 pg/ml in capsaicin, p > 0.05) in SHR. Thus, we conclude that long-term consumption of capsaicin reduced arterial pressure in SHR primarily due to activation of TRPV1 and subsequently promotes phosphorylation of PKA and eNOS, and increases the production of NO that accounts for the improved endothelium-dependent relaxation in SHR.
DISCUSSION
The present study provides experimental evidences for the beneficial effect of dietary capsaicin in reducing high blood pressure. Such benefit is related to a direct stimulatory action of capsaicin on endothelial TRPV1 channels, a conclusion supported by both in vitro and in vivo data obtained in TRPV1 À/À mice and TRPV1 transgenic mice. We showed that TRPV1 activation elevates the phosphorylation of PKA and eNOS in ECs and plasma NO concentration, improves endothelium-dependent relaxation in mesenteric arteries, and lowers arterial pressure in genetically hypertensive rats. Thus, endothelial TRPV1 activation can be considered as a potential strategy for the management of hypertension.
TRPV1 activation in sensory neurons causes nociception (Julius and Basbaum, 2001 ). Capsaicin, a specific TRPV1 agonist, is used as a potent analgesic and the modulator of sensory function (Nilius, 2007; Tominaga and Tominaga, 2005) . However, the effect of capsaicin on blood pressure is more controversial. Few studies are available concerning the impact of chronic activation of TRPV1 on the regulation of vascular function and blood pressure.
Capsaicin can affect cardiovascular function through stimulating the release of CGRP and substance P from perivascular sensory nerve endings . Capsaicin may exert direct effects on the vasculature, relaxing coronary, mesenteric, hepatic, basilar, and meningeal arteries of pigs and rats (Bratz et al., 2008; Lo et al., 2003) . However, it has also been reported that activation of TRPV1 can cause vasoconstriction in mesenteric (Scotland et al., 2004) , coronary (Szolcsanyi et al., 2001) , and skeletal muscle arteries (Kark et al., 2008) in rodents and canines. Furthermore, capsaicin-induced relaxation of human and porcine coronary arteries is likely to be attributed to a CGRP-independent mechanism (Gupta et al., 2007) . In addition, neonatal denervation of sensory nerves does not modify the NO release elicited by capsaicin, indicating that perivascular nerve fibers probably do not participate in capsaicin-induced relaxation (Rocha and Bendhack, 2009 ). The present study shows that CGRP-induced relaxations of rat mesenteric arteries were unaffected by inhibition of NO synthase. On the other hand, capsaicin-induced endothelium-dependent vasorelaxation was NO dependent. However, the possibility that long-term administration of TRPV1 agonists may affect sensory neurons in vivo to contribute to the observed hypotensive effect by acting partially through CGRP cannot be ruled out.
Our collective results from ECs and mesenteric arteries in vitro indicate that TRPV1 activation increases [Ca 2+ ] i , the activity of eNOS in intact arteries, and the NO production in ECs. First, capsaicin selectively increases the level of p-eNOS in ECs from WT mice, but not those of TRPV1 À/À mice. Second, the level of p-eNOS is specifically upregulated in mesenteric arteries from WT mice chronically fed capsaicin diet, but not in arteries from TRPV1 À/À mice receiving the same diet. Third, the increased [Ca 2+ ] i is required for the phosphorylation of eNOS and subsequent NO production in ECs upon TRPV1 activation by capsaicin because the stimulatory effect is inhibited by a Ca 2+ chelator, by removal of extracellular calcium ions, and by antagonism by a selective TRPV1 blocker. Fourth, capsaicin-induced NO production appears to be related to the expression level of TRPV1 in arteries from mice with different TRPV1 genotypes. Although elevated [Ca 2+ ] i is known to enhance the NO formation in ECs (da Silva et al., 2009; Michel et al., 1997) , other factors may regulate the eNOS activity. However, the present acute studies in vitro show that tetrahydrobiopterin (BH4) does not modulate capsaicin-induced relaxations (Figure S6) . Moreover, capsaicin does not affect the level of caveolin-1(cav-1) ( Figure S7A ), heat shock protein 90 (hsp90) (Figure S7B) , and VEGF ( Figure S7C ) in ECs. The present study suggests that TRPV1 activation and subsequent Ca 2+ influx are required to enhance eNOS activity. However, we cannot exclude the possibility that other mechanisms may also contribute to the upregulation of eNOS activity in vivo during chronic capsaicin consumption. It is well known that the eNOS activity can be regulated via its phosphorylation by various kinases, including Akt, AMP-activated protein kinase (AMPK), extracellular signal-regulated kinase 1/2 (ERK), and PKA (Michell et al., 2001; Boo et al., 2002) . Such kinases may mediate long-term modulation of eNOS activity. However, we find that chronic dietary capsaicin did not alter the expression of Akt, AMPK, and ERK in WT mouse mesenteric arteries. Previous studies report that PKA modulates TRPV1 function (Mohapatra and Nau, 2005; Varga et al., 2006) . Our data show that TRPV1 activation can enhance the activity and expression of PKA in ECs. Chronic dietary capsaicin increased p-PKA level in mesenteric arteries from WT mice, but this effect was absent in TRPV1 À/À mice. PKA inhibition reduced capsaicin-induced relaxation of mesenteric arteries and NO production in ECs.
Our present results clearly show that TRPV1-activated Ca 2+ influx is involved in the PKA-mediated eNOS phosphorylation following long-term administration of capsaicin. Although our present results agree with other reports showing that TRPV1 activation causes relaxation of isolated arteries, the effect of acute or short term administration of capsaicin on arterial pressure in vivo is less clear. Oral intake of hot pepper is reported to transiently increase blood pressure and heart rate in humans (Hachiya et al., 2007) , while 2 week administration of CH-19, a nonpungent cultivar of red pepper, does not produce a pressor effect (Kawabata et al., 2006) . Acute intravenous administration of capsaicin also causes a transient elevation in arterial pressure and heart rate in dogs and rats (Chanda et al., 2005; Giles and Sander, 1986) . This pressor effect is in part associated with an increased sympathetic nerve activity (Hachiya et al., 2007) , and TRPV1-mediated myogenic constriction involves sensory nerve-derived substance P (Scotland et al., 2004) . By contrast, intravenous administration of capsaicin transiently lowers arterial pressure in rats, while the TRPV1 antagonist capsazepine elicits an acute pressor effect (Wang and Wang, 2006) . However, these studies did not distinguish between a direct action of capsaicin on endothelial TRPV1 as opposed to vascular effects secondary to nerve activation. Transdermal application of capsaicin improves the ischemic threshold in patients with coronary artery disease, and this benefit is related to the augmented plasma levels of NO and thus improved arteriolar vasodilatation, events unrelated to a change in the plasma concentration of CGRP (Fragasso et al., 2004 ). The present study shows that short-term dietary capsaicin did not affect blood pressure, the endothelium-dependent relaxation, and PKA/eNOS phosphorylation in mesenteric arteries of SHR. We also detected no significant changes in the plasma levels of CGRP and substance P after capsaicin treatment in hypertensive rats. Acetylcholine-induced relaxation was augmented in mice receiving chronic dietary capsaicin and in TRPV1 transgenic mice. The present study provides evidence that chronic activation of TRPV1 channels improves endothelium-dependent relaxation, because such a benefit is absent in TRPV1 À/À mice. Acute administration of capsaicin or its derivative lowers mean arterial pressure in SHR accompanied with increased plasma levels of CGRP Lo et al., 2003) . Most published studies only show the acute effect (within 10 min to hours) of capsaicin on blood pressure. However, prior to our study, it was unclear whether chronic activation of TRPV1 by capsaicin for a longer duration would affect vascular function and blood pressure. Thus, a major finding of our study is a clear demonstration that chronic capsaicin treatment lowered arterial pressure in conscious adult SHR. Radiotelemetry measurements show that both systolic and diastolic blood pressure were reduced in SHR receiving dietary capsaicin for long term. Notably, at the time, endothelium-dependent relaxation was found to be improved. The antihypertensive effect of chronic capsaicin consumption was accompanied with elevated plasma levels of nitrate/nitrite, an index of NO production, and increased phosphorylation of PKA and eNOS in mesenteric arteries.
Clinical investigations indicate that restoration of endothelial function in hypertensive patients normally takes more than 6 months or even longer (Ishibashi et al., 2008; Schiffrin et al., 2002) . Oral administration of molsidomin, a NO donor, produces a measurable reduction of blood pressure only several weeks after treatment (Koeners et al., 2008; Racasan et al., 2005) . Therefore, an antihypertensive effect of TRPV1 activation and stimulation on PKA/eNOS phosphorylation may take longer.
However, long-term treatment with TRPV1 agonists may also exert an endothelium-independent vascular action, jointly contributing to the persistent reduction of blood pressure observed in vivo. Collectively, the present results demonstrate that long-term dietary capsaicin leads to a reduced arterial pressure and improved endothelial function in hypertensive rats, most likely through activation of endothelial TRPV1 and a NOdependent mechanism.
In conclusion, we demonstrate that dietary capsaicin consumption reduces blood pressure in SHRs. Our mechanistic evidence suggests that this vascular benefit is likely to be caused by chronic activation of endothelial TRPV1 channel, which mediates an increased Ca 2+ influx and subsequent phosphorylation of PKA and eNOS. As a result, NO production accounts for the potentiality of the endothelium-dependent relaxation in capsaicin-treated mice and SHR. Our findings provide insights into the physiological role of endothelial TRPV1 channel in a longterm regulation of blood pressure. TRPV1 activation through chronic dietary capsaicin may represent a promising intervention of lifestyle in high-risk populations with hypertension and related vascular disorders.
EXPERIMENTAL PROCEDURES
Animal Treatment C57BL/6J WT and TRPV1 À/À mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). The transgenic plasmid pcDNA3.1-rTRPV1 was a kind gift from Ramon Latorre (Laboratory of Biophysics and Molecular Physiology, Chile). Transgenic TRPV1 mice were produced by Shanghai Research Center for Biomodel Organism (Supplemental Information). Eight-week-old male SHR were obtained from Charles Rivers Laboratories. Rats and mice were housed under a 12 hr/12 hr day/night cycle with free access to food and water. Animals were given the normal standard chow (control group) or normal chow plus with 0.01% capsaicin for mice and 0.02% capsaicin for rats (capsaicin group). The institute Animal Care and Use Committee approved all animal protocols.
Endothelial Cell Culture and Measurements of [Ca
2+
] i ECs were isolated as described , and cytosolic free calcium concentration ([Ca 2+ ] i ) was measured using the fluorescent dye fura2/AM (Liu et al., 2009; Zhu et al., 1998 ) (Supplemental Information).
Measurement of NO Production
The ECs or arterial segments from mice were washed twice in Hank's balanced salt solution (HBSS) before adding HBSS containing DAF-2DA (5 mM, Calbiochem, USA). After further incubation for 30 min for cells and 2 hr for arteries in dark room with or without 15 min treatment with iRTX (1 mM, Alomone, Israel) or BAPTA-AM (10 mM, Sigma-Aldrich), samples were rinsed in HBSS and transferred to black microplates. The DAF-2T fluorescence for ECs was monitored using a Nikon fluorescence microscope (excitation 488 nm, emission 515 nm) equipped with an FITC filter (Thomas et al., 2007) , while the fluorescence for mesenteric arteries was measured with PTI (Photon Technology International, USA) (Mogami et al., 2005) .
RNA Isolation and PCR Analysis
Total RNA isolation and reverse transcription polymerase chain reaction were performed following standard protocols. Primer sequences are shown in the Supplemental Information.
Immunoblot Analysis and Immunohistochemistry
Immunoblots of TRPV1, b-actin, eNOS, PKA, Akt, AMPK, ERK, and their phosphorylated forms were performed as reported (Liu et al., 2009 ). Immunohistochemistry was routinely performed using antibodies against TRPV1 (Alomone, Israel), CD31, and eNOS (Santa Cruz Biotechnology, USA) (Supplemental Information).
Blood Pressure Measurement SBP, measured by tail-cuff plethysmography, was routinely obtained every month. After normal diet or normal diet plus capsaicin for 7 months, SHRs were surgically implanted with telemetric transmitters (TL11M2-C50-PXT, Data Sciences International, MN, USA). The catheter of the implant was placed into the distal portion of the descending aorta. Rats were allowed to recover from surgery for 10 days, and then 24 hr ambulatory systolic and diastolic pressures were measured by telemetry in conscious, unrestrained rats. We collected data for 10 s every 30 min and used the 24 hr mean values for analysis.
Measurement of Vascular Reactivity
Vascular reactivity of freshly isolated mesenteric arteries was studied in myograph (Danish Myo Technology, Denmark) as described (Huang et al., 2003) . After mice or rats were anesthetized with pentobarbital sodium, the mesenteric vascular bed was removed and placed in a cold Krebs solution containing (mM) 118 NaCl, 25 NaHCO 3 , 11 D-glucose, 4.7 KCl, 1.2 KH 2 PO 4 , 1.17 MgSO 4 , and 2.5 CaCl 2 . The first (of mouse) or second (of rat) branches of the mesenteric artery were dissected out and cleaned of connective tissue. In some arteries, the endothelium of the rings was removed by gently rubbing the lumen with human hair. Arterial segments (100-200 mm in luminal diameter, 2-2.5 mm in length) were mounted in myograph. Each ring was bathed in Krebs solution aerated with 95%O 2 and 5%CO 2 at 37 C (pH 7.4). After measurement of passive-tension internal circumference characteristics, tension was set to the estimated in vivo internal circumference. After 60 min stabilization, functional integrity of rings was confirmed by contraction to KCl (60 mM). The presence of endothelium was confirmed by a relaxant response to acetylcholine (ACh, 1 mM) in rings contracted with phenylephrine (1 mM) in the presence of propranolol (100 nM) to block b-adrenoceptors. Segments relaxing >80% were considered being endothelium intact, while those relaxing <5% were defined as being endothelium-denuded. Capsaicin, RTX, phenylephrine (PE), propranolol, ACh, nitroglycerin (NTG) and NG-nitro-L-arginine methyl ester (L-NAME) were purchased from Sigma-Aldrich.
Biochemical Assays
Blood was withdrawn from jugular vein, and the plasma was separated and immediately frozen at À70 C until assayed. Levels of plasma CGRP, nitrate/ nitrite, substance P, insulin, lipids, and glucose were measured using commercially available assay kits. PKA activity was assessed using a commercially available kit (Westtang Inc., Shanghai).
Mass Spectrometric Quantification of Capsaicin
Mass spectrometric quantification of capsaicin in blood was performed using Agilent 1100 Series, and an Ultra C18 (5 mm, 2.1 mm 3 50 mm) column (Supplemental Information).
Statistics
Results represent means ± SEM of n experiments. Statistical differences between groups were assessed by Student's t test or one-way analysis of variance (ANOVA) with Bonferroni's multiple comparison post hoc tests, as appropriate. Two-sided p values less than 0.05 were regarded to be statistically significant.
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